The DNA sequence of the whole of the short unique region (Us) and that of part of the short terminal repeat (TRs) of herpesvirus of turkeys (HVT) were determined. HVT 
Introduction
Herpesvirus of turkeys (HVT) is serologically related to Marek's disease virus (MDV) which causes a lymphoproliferative disease of chickens, characterized principally by T cell lymphomas and peripheral nerve demyelination (Payne, 1985) . Since the early 1970s, HVT has been used extensively as a vaccine against Marek's disease (Witter et aL, 1970) . Based on their biological properties, both viruses have been placed in the group gammaherpesvirinae (Roizman, 1982) . However, the genome structures of MDV and HVT have been shown by electron microscopy (Cebrian et al., 1982) and restriction enzyme linkage mapping (Fukuchi et al., 1984; Igarashi et al., 1987) to be similar to alphaherpesviruses. These results and the demonstration by Buckmaster et al. (1988) that MDV and HVT genes have greater similarity to alphaherpesviruses than to gammat Present address: Institute of Virology, Slovak Academy of Sciences, Bratislava, Slovakia.
The nucteotide sequence data reported in this paper appear in the EMBL nucleotide sequence database under the accession number X68653.
herpesviruses, and that their genomes are collinear with those of alphaherpesviruses, have questioned the validity of the earlier classification (Roizman, 1992) .
Previous studies have shown that a large proportion of the genomes of MDV and HVT cross-hybridize under low stringency conditions (Gibbs et al., 1984) . Igarashi et al. (1987) reported the restriction enzyme map of HVT DNA and its collinearity with MDV DNA. sequenced a 5-5kbp EcoRI fragment mapping in the short unique segment (Us) of MDV and identified herpes simplex virus type 1 (HSV-1) homotogues of US2, protein kinase (PK), glycoprotein D (gD) and glycoprotein I (gI), and one short open reading frame (ORF4) which showed some similarity to HSV-1 glycoprotein G (gG). More recently, Brunovskis & Velicer (1992) , Velicer et al. (1992) and Sakaguchi et al. (1992) reported the nucleotide sequence of MDV U s and characterized a number of Us-encoded polypeptides. The 11 160 bp long MDV U s DNA was found to contain at least 11 ORFs; seven of these were found to be exclusively homologous to alphaherpesvirus U s genes [US1, US10, US2, PK (US3), gD, gI and glycoprotein E (gE) homologues of HSV-1], one ORF was reported to be homologous to fowlpox virus ORF4 described by Tomley et al. (1988) , and three ORFs had no apparent relationship to any sequences in protein databases and were considered to be MDV-specific.
Up to now, there has been no information about the genes mapping to the U s region of HVT. According to Cebrian et al. (1982) , the U s segment of HVT is expected to be shorter than the U s segment of MDV. In this study we report the complete DNA sequence of HVT U s and discuss the genomic organization of the predicted ORFs and the characteristics of the proteins encoded by these ORFs.
Methods
Cloning of viral DNA. Purified genomic HVT DNA (strain FC 126) was partially digested with Mbol and cloned into pWE15 cosmid vector (host cells NM 554). The cosmid library was used as a source of DNA for subcloning into pBlueScript vectors (host cells XL1-Blue).
Hybridizations. Low stringency hybridizations were carried out in 5 x SSC, 0.1% SDS, 5 x Denhardt's solution, 25% formamide and 50 gg/ml heterologous denatured DNA at 37 °C. Blots were finally washed twice in 2 x SSC and 0.1% SDS at 32 °C for 20 rain. For high stringency hybridization, the concentration of formamide was increased to 50 % and the hybridization temperature was raised to 42 °C. Final high stringency washes were carried out with 0.1 x SSC and 0.1% SDS at 65 °C for 20 rain.
DNA labelling. DNA fragments were labelled with [c~-a2P] DNA sequencing. Nested unidirectional deletions were made in DNA fragments cloned in pBlueScript using exonuclease III and S1 nuclease (double-stranded nested deletions kit, Pharmacia Biosystems). Such templates were sequenced using modified T7 DNA polymerase (Sequenase version 2 DNA sequencing kit, United States Biochemicals) or Taq polymerase (dsDNA cycle sequencing system, BRL Life Technologies) according to the recommendations of the suppliers.
The sequence of some parts of HVT U s was confirmed using customsynthesized oligonucleotide primers on double-stranded plasmid DNA templates using the aforementioned sequencing techniques.
All other standard techniques for recombinant DNA manipulations and preparation of solutions and buffers were carried out as described by Sambrook et al. (1989) .
Computer analyses. These were carried out using the University of Wisconsin Genetics Computing Group (UWGCG) program package (Devereux et al., 1984) , DNASIS software package and the CLUSTAL program of Higgins & Sharp (1988) .
Results and Discussion

Identification, subcloning and sequencing of HVT U s
The pWE15 HVT cosmid library was screened by hybridization to MDV PK and gD DNA probes (nucleotide positions 1069 to 2501 and 3246 to 4428 respectively; . Low stringency dot blot hybridization enabled us to identify the cosmid clone 71=12 which reacted with both MDV PK and gD probes. All HVT U s DNA fragments mentioned below originated from this cosmid clone. In our experience, the use of HVT cosmid clones to identify and isolate genes of interest is preferable to purified viral DNA because higher amounts of purified, large DNA fragments (30 to 40 kbp) can be obtained quickly and easily from cosmid clones.
Southern blot analysis of single and double restriction enzyme digests of cosmid 7F 12 enabled us to identify and subsequently subclone seven restriction fragments (El, ES1, EP1, EEl, PS1, P1 and EP2; Fig. 1 ). Subclones of overlapping nested deletions of EP1, ES1, EEl, PS1, P1 and EP2 were prepared and served as templates for sequencing. EP1, EEl and PS1 were fully sequenced from both ends. Clones with deletions in ES 1 were used for the determination of the sequence between EP1 and EEl and for confirmation of the sequence of EP1.
Sequence data for a 11293 bp region of HVT DNA comprising the complete U s region and parts of its flanking sequences have been obtained. This sequence is presented in Fig. 2 . The internal repeat (IRs)/U s and Us/terminal repeat (TRs) limits were identified by comparing sequences derived respectively from subclones P1 and PS1. According to the positions of these limits (150/151 and 8765/8766), the size of the HVT Us region was calculated to be 8615 bp. The first base of the sequence displayed in Fig. 2 has been selected arbitrarily, but it has been verified that sequences upstream of position 1 were complementary to the sequences downstream of position 8915 (data not shown). The HVT U s is 2545 bp shorter than MDV U s (11 160 bp) (Brunovskis & Velicer, 1992) . The base composition of the HVT U s segment is 43.5 % G+C (45.5 % for the whole reported sequence) and this is greater than the G + C content of the MDV U s sequence which has been reported to be 41% .
Analysis of the HVT Us-encoded open reading frames
Computer searches identified eight ORFs that could encode proteins at least 100 amino acids (aa) long. A summary of these ORFs and their similarity to other alphaherpesvirus-encoded proteins is provided in Table  1 . All base pair positions are relative to the numbering in Fig. 2 .
HVT Us ORF1 (homologue of HSV-1 US1)
HVT Us ORF1 has a possible minor polyadenylation signal ATTAAA (Wickens, 1990 ) located immediately after the stop codon (bp 984 to 989). Analysis of the primary and secondary structures of encoded polypeptide did not show any characteristic features. Comparison of the aa composition of the HVT ORF1 revealed significant homology with HSV-1 US1 (McGeoch et al., 1985) , varicella-zoster virus (VZV) gene 63/70 (Davison & Scott, 1986) , gene 65 of equine herpesvirus (EHV) type 1 (Telford et al., 1992) pseudorabies virus (PRV) (Zhang & Leader, 1990) . HSV-1 US1 homologues of HVT and MDV are significantly smaller (165 and 179 aa respectively) than their counterparts in other alphaherpesviruses (420 aa for HSV-1 US1,364 aa for PRV RSp40, 293 aa for EHV-1 and 278 aa for VZV). Multiple alignments (not shown) indicated that the most conserved region of US1 homologues is located in the central portion of the protein and that MDV and HVT US1 homologues contained some motifs that were conserved only in the avian herpesviruses. HSV-1 US1 encodes the immediate early phosphoprotein (ICP22) which can modulate the expression of some late genes (Sears et al., 1985) . The function of HVT and MDV US1 proteins is not known.
HVT U s ORF2 (homologue of HSV-1 USIO
Putative transcription initiation (TATATA) and polyadenylation signals (AATAAA) were found at positions 1099 to 1104 and 1908 to 1913 respectively. The aa sequence encoded by HVT ORF2 demonstrated significant similarity to HSV-1 US10 (McGeoch et al., 1985) , VZV gene 64/69 (Davison & Scott, 1986) , EHV-1 gene 66 (Telford et al., 1992) , EHV-4 US10 homologue (Cullinane et al., 1988) and MDV US10 , as shown in Table 1 . The size of US10 homologues varies among alphaherpesviruses from 180aa (M r 19867) for VZV to 312 aa (Mr 34053) for HSV-1.
It has been demonstrated that the MDVUS10 homologue is not essential for in vitro replication .
HVT Us ORF3
HVT U s ORF3 is encoded by the complementary strand of the sequence reported in Fig. 2 (McGeoch et al., 1985 and HSV-1 US2 homologues ofEHV-1, PRV and MDV (Telford et al., 1992; Zhang & Leader, 1990; . It was noted that the N-terminal region of US2 is strongly hydrophobic and that it is conserved in MDV, HVT and all the alphaherpesviruses examined (not shown). The role of this protein is unclear. US2 has been reported to be non-essential for in vitro replication of MDV (Cantello et al., 1991 ).
HVT U s ORF5 (homologue of HSV-1 US3)
A minor polyadenylation signal (TATAAA) was found at positions 5624 to 5629 and a putative transcription initiation signal (TATATA) was found at positions 4175 to 4180. Apparently this signal (same sequence on complementary strand) is also used to initiate transcription of ORF4.
The protein sequence of HVT ORF5 contains the motif IIHRDVKTENIFL (aa residues 206 to 218) which is consistent with the consensus pattern of serine/ threonine PK motifs (LIVMFYC)X(HY)XD(LIVMFY)-KXXN(LIVMFYC) (LIVMFYC) (LIVMFYC) where D is an active site residue (Bairoch & Claverie, 1988) .
The possibility that US3 ofHSV-1, HSV-2 and gene 66 of VZV could encode PK has been confirmed by the demonstration of PK activity Zhang et al., 1990) . The HSV-1 PK mediates post-translational modification of the phosphoprotein encoded by the UL34 gene (Purves et al., 1991 ).
HVT U s ORF6 (homologue of HSV-1 gD)
Putative transcription initiation and polyadenylation signals were found at positions 5624 to 5629 (TATAAA) and 7050 to 7055 (AATAAA) respectively. The protein encoded by HVT ORF6 has several features charac-2154
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Y L C K S N Y P L F L L K F E L S F A G A W N T L H A T V S A 0 V T D G A N F L 32 I GTACAAACATTTAGAGTTATACGGCAGGAACAGTAACTTGAATTCCAGACTAAATGCCCCGGCCCAATTTGTCAAGTGTGCAGTCACGGAGGCGTCGACCGTGTCC•CGGCATTAAACAG IRs 4-" F A N F N K F T L C T C V Y I N T C V P L L Y L C L H G P M < ORF8" (c) 121 GAAAGcGTTAAAGTTTTTG~TGTTAGGTCACAGGTA~AAACATAAATGTTTGTACAAACAGGTAA~AGGTACAAACATAAATGCCC~GGCAT~ATGT~CTTAcGGCG~TCGA~CG 241ACATTAGG~ATACTCGGGTACCATTTTGCATT~CGATCAGCACGGATGAAATTAGG~GGAATGCGGTTTATATTATGCG~CATTGGACAAACGATATGGCATTGATTGGCAGTTTATGA 361 ATGTCTTCATGTTGGGCGTAAACGGATTCCTATTGGTTCAGAAGACAACGACGATATATTTAGAGAGAAAAAGCTACCCAGCATAGGATAAACACACATTGAGCATTGA~GACATAGG~ ORFI > M D G K T T H V N T K R L Z Y $ S G D T T E Q E C T A S E P L N E 0 C D E N 38 481 ATCGGTATGGATGGGAAAACTACACACGTGAACACCAAACGACTTATATACTCGAGCGGTGATACTACTGAGCAAGAATGCACTGCATCTGAGCCACTGAATGAAGACTGTGATG~AAT V T [ D G I G E E Y A Q F F M S P Q W V P N L H R L S E D T K K V Y R C M V S N 601 GTGACCATCGATGGAATTGGAGAAGAATATGCGCAGTTCTTCATGTC••CGCAATGGGTCCCAAATCTACATCGCTTGAGCGAGGATACCAAAAAGGTATACcGATGTATGGTTTCcAAC R L N Y F P Y Y E A F R R S L F 0 M Y M L G R L G R R L K R S D W E T I M H L S 118 ~I AGACTC~TTATTTTCCCTATTATGAGGCGTTCAGGCGGTCTTTGTTTGATATGTA~ATGCTAGGTCGGTTGGGGCGTCGACTT~GCGATCTGACTGGGAGACTATTATGcATCTGTCA P T Q $ R R L H R T L R F V E R R ] I P $ N S Y I R T S G H V P P S R A L P T D 158 841 CCAACGCAAAGTCGGCGTCTACATAGAACTTTAAGATTTGTGGAGCGTAGAATTATC~CATCTAACAGTTATATACGCACATCGGGCCACGTTCCGCCTTCGAGGGCACTTCCGACAGAT TNLKMDE* 961 ACGAATTTAAAGATGGATGAATAATTAAATTGGAAAGAGTAAcTACATTAATCGAGCGTCATGACGGCGT~CCGTGAAAATGGGAATTTTCTA~TCGAAA~ACCGTGACATTT~CAGAC 1081 CTGGAATTGTTATTCTGATATATAGTGGGTGTGTCTGGC~GGCAA~TACATAATGTGCATGCGAAACCACTTTTTCAGTGTACGcTGA~TTGTG~AcACGGAGGGGTAG~TCTACA ORF2 > M I G E K T M Q L A D H M A N S P S S I W R T P R E K S T Y H L [ Y 34 1201 TACAATATATGTTGATTAATGATTGGAGAAAAAA•TATGCAGCTCGCcGATcATATGGcTAACTCGCCTTCGTCTATATGGCGGACCCCGCGGGAAAAATCGA•GTACCATCTGATTTA• N T $ N E H V A S L P R S V R P L A R I V V N A A E T L Q V G M R A G R P P $ A 74 1321 AACACCAGTAATGAA•ATGTCGCATC••TGCCCAGATCTGTGCGCCCATTGGCG•GGATCGTTGTGAATGC•GCCGAAACACTTCAGGTCGGTATGAGAGCCGGGAGGCCGCCATCAGCA G V W R E V F D R M M T A F R D H E P T A T F N A A N P I R K M V E T V L Q N N 114 1441 GGAGTTTGGCGAGAGGTGTTTGATAGAATGATGACAGCCTT~CGTGACCACGAGCCTACTGCGACATTTAATGCTGCAAATCCCATTAG~AAATGGTCGAGACAGTTCTA~AG~TAAT E E P P R T H A E M G N R L M N I M Y W C C L G H A G Q C $ I W Q L Y E T N Q A 154 1561 GAAGAGCC•CCGCGGACGCATGCTGAAATGGGTAATCGCCTTATGAACATTATGTACTGGTGTTGCTTGGGACAcGCAGGACAATGcTCGATATGGCAGTTGTACGAGACGAATCAGGcC I L $ L L D E V V I G I T N P F C T L E Q Y W K P L C T A I A N K G T $ S L V E 194 1681 ATTTT~GTTTATTAGATGAAGTGGTTATCGG~CAACAAATCCCTTTTGCACCCTCGAGCAATAcTGGAAGCCATTATGCACCGCAATCGCCAACAAGGGGAC~TCATCGCTTGTT~G D A K V A E Y L V $ M R K L I * 1801 GATGCCAAAGTGGCCGAGTACCTGGTTAGCATGCGCA~TTGATATAACATAGGCACGCTCTGATGTTACAGACCACAATACCGCATACATTTATTGTAAGGTTGTTAATAAAGGTTTAT • M F H S R D N C E N L T Q ] I K S 342 1921 TCTATGTAAGACTACAATACTTTCGACATTGCTTGTATACATATTAAATACTTTCTCAAGTTCCTATTACATAAAATGGGATCTATCATTACATTCGTTAAGAGTCTGGATAATTTTACT N A L K S R P V Y Q P Y H R V Q F R S F K F R G N N P Y R G T T G Y G A R T G S 302 2041 GTTTGC•AG•TTCGATCTTGGAACGTACTGTGGATAGTGC•TTACTTGGAATCGTGAAAATTTGAAACGTCCATTATTTGGATATCTTCCGGTTGTCCCATATCCCGCCCTGGTACCG•T P Y R A R I S E Y Q C D R L R P G V V R P D V S M R F N E S S E $ Y K N G S T V 262 2161 CGGATACCTTGCCCGTATGGATTCGTATTGACAGTCGCGCAATCGGGGACCAACAACGCGTGGGTCCA•ACTCATTCGGAAATTTTCCGATGATTCTGAATATTTATTGCCGCTCGTTAC L R Q V Y R Y Y H E E E S P D S C M Q D I C Q G P H E L R L H Q M R A C C L K I 222 2281 GAGTCGTTGGA~ATATCTGTAATACATTTCTTCTTCTGAAGGATCGCTGCA~TTTGATCTATACATTGG~CAGGATGTTCAAGTCTCAGATGTTG~TTCTGG~CAG~CAACTTTA~ A N G I Y D D P L G P P T R Y E C [ P [ T L V I A S R A V E L S A I I V N K F S 182 2401 GGCATTTCCGATGT~TCGTCCGGCAGCCCT~GGGGAGTTCTATATTCGCATATTGGGATGGTAAGGACAATAGCAGATCTCGCAACCTCCAGGGAGGCTATAATAACGITTTTAAAGGA P N R M F I Q R L N C Q S Y G K S A G [ S L M T T W N E L H F S F L A P L L T G 142 2521 TGGATTTCTCATAAAAATCTGTCGCAAATTACACTGAGAATATCCTTTACTAGCGCCGATTGAGAGCATCGTCGTCCAATTTTCTAAATGGAAAGAAAACAAGGCGGG~AAGAGTGT~CC F M K M K P S D R L D W P T C N I A F N A S G N V N T D G F E L V S K I S F S R I02 2641 AAACATTTTCATTTTCGGCGAATCTCTCAAATCCCATGGCGTGCAATTGATTGCAAAATTGGCACTTCCGTTCACGTTTGTATCTCCAAACTCTAAGACACTTTTAATTGAAAAA~TACG E L T S L F R Y A $ W L V I Q C W M D K Q I D F Q G H D Y T A S H V L A [ R E R 62 2~I TTCTAGTGTGGAAAGA~CCTATAGGCAGACCATAGAACTATTTGACACCACATATCTTTTTGTATGTCAAACTGACCATGATCGTATGTTGCTGAATG~ACTAGGGC~TTCGCTCGCG S E M C Q I I G C T L E D T L L T W Y N F D N I K G R P Q G F R G R P I D L N D 22 2881 C~CTC~TA~ATT~ATAATTCCACACGT~AGCTCATCGGTTAGCAAGGTCCAGTAGTTGAAGTCATTTATTTTTCCC~G~GGCTGGCCAAATCTACCTCTGGGAATATCCAAGTT~TC F I I A G A R T M T F $ S Y C L S A P ! M < ORF3 (c) 3001 GAATATGATCGCACCGGCTCTGGTCATGGTGAAGGAACTGTAGCATAAAGACGCAGGTATCATAGGGGTAATATTTTTTTATTCACTCACATACTAAAAGTAACGCATATTAGCACCATG *RSNF279 3121 TATGGG•TATCAATTGA•ATTTG•GTAGCACTACAT•A•GATTATGTACAACATAATGGGACAA•ATATGG•AAGTAGATGCAATTTCCTcA•ACTAGTTGGGTTTATCTACTATTGAAT K G R D T I C K P A E V L M N G D H V N K D V T K V G M P V $ A D D D H I P R C 239 3241 TTTC~CCTATCTGTGATACACTTGGGAGcCTCTACAAGCATATTGCcAT~ATGTACGTTTTTATCTACTGT~TTAACGcCCATGGGAAcGGAGGcGTCGTCGTCATGTATTGGACGGC~ C L C C C L N R K P P T C T S E I G L G Q L Q P V D P P $ G I I Q Y V C A M N S 199 3361 ~TAGGCAG~C~ATTGCGTTTAGGTGGGGTGCATGTGGACTCGA~C~AGCCCCTG~GCT~G~ACGTCTGGTG~GC~TAATTT~TATACGCA~GC~TAT~AcTG D N F Y A K D E I N E F K P E W T S T L L T Q I E C P I A W P M G A W T G P V K 159 3481 T•GTTGAAGTACG••TTATCTTCTATGTTTT•AAATTTAGGTT•CCAAGTGGACGTGAGAAGTGTTTGTAT•TCACATGGAATGGCCCAAGGCATTCCAGC•CAGGTGCCTGGTACTTTA I A F L R K P L P I $ E I A T R C I D A A G L I W L $ Y S V N D S A E $ E L M V 119 3601 A~GGCAMcAAACG~TTTGGTAGAGGTATTGATTCTATTGcAGTTCTGCAGATATCTGCAGCcCCGAGTATCCACAGGcTATAC~ATACG~TATCGGAGGCCTcC~TTCTAGCATTACA Y G T L L D Q W E T A C G A V D E F L R V ] F A D R T G A L G $ G P M G $ G G A 79 3721 TA•CCGGTCAGTAGATC•TGCCATTCGGTAGcGCAA•cGGCTACATCTTCAAACAGTCTCAcAATAAATBcATcTCTCGTT•CTGCCAATCCGGAACCGGGCATACCACTCCC•C•TGCC S K I R V I P R H R R P L V F T S K A F R C L D A 1 R V L I P V G V D N K L H E 39 3841 GATTTAATTCTCA~TT~GGCGATGcCGGCGGGG~AACGAATGT~GATTTGGCAAAc~GACACAGGTCTGCTGTACGGAC~AATATGGG~ACACCCAcATCATTcTTCAGATGc~c~ M C Q E I L F I W L T S A A D R S R G P L R D C E D L L T V L T I M C V G M < ORF4 (c) 3~I ATGCATTGTT~TATGAGAAAGATc~TAGGGTGGAGGCAGCGTCAC~GATCGCCCAGGCAATCGATCG~TTCGTC~AGTAAAGTGAC~AGAGTTATCA~G~A~CC~AT~CC~G 4081 c•TTCCGMTAACTGGAGCTGTGGAAGATCGGAAA•GTCTTTTTGAcTGcCGGTCTcGTACTACTTTCGCACAGGTGTATAC•CGGACGCGTAcTATA•ATTTTATATCATCCAACGTCC ORF5 > M E V b V E S S K V S A $ N M G I V C E N I E $ G T T V A E P S M 33 4201 ~TTA~TACGTGGCGGCGATGGAAGTA~TGTTGAGTCTTC~AAGTAAGTGCCTCGAATATGGGTATTGTCTGTGAAAATATCGAAAGCGGTACGACGGTTG~AGAACCGTCGATG S P D T S N N S F D N E D F R G P E Y D V E I N T R K S A N L D R M E S $ C R E 4321 TCGcCA~TACTAGTAACAATAGCTTcGATAAcGAAGACTTC~GTGGGCCTGAATAcGATGTGGAGATAAATACCAGAAAATCTGCTAATCTTGATCGTAT~GAATCTTcGTGCcGTGAA Q R A A C E L R K C $ C P T $ A V R M Q Y $ I L $ S L A P G S E G H V Y I C T R 113 4441 C~GAGCGGcGTGcGAACTTCGAAAGTGTTCGTGTcCTACGTCTGcCGTGCGCATGcAATACAGTATTCTTTCATCTCTCGCT~CGGGTTCAGAGGGTCATGTATATATATGTACTA~ Y G D A D Q K K C I V K A V V G G K N P G R E V D I L K T I S H K $ ] I K L I H 153 4561 TACGGGGA~GCGGACCAAAAAA~TG~ATAGTGAA~G~AGTCGTTGGAGGAAAGAATCCcGGGAGGGAAGTGGATATTTTA~AACCATCTcACATAAATCAAT~AT~AATTAATc~AT A Y K W K N V V C M A M R V Y R Y D L F T Y I D G V G P M P L Q Q M I Y I 0 R G 1~ 4~I GcCTATA~TGGAAAAATGTTGTGTGTATGGCAATGCGTGTATATCGTTATGATCTTTT~AcATATATTGACGGAGTCGGcCcTATGCCCCTTC~CAGATGATCTATATT~AACGTGGA L L E A L A Y I H E R G I I H R D V K T E N I F L D N H E N A V L G D F G A A C 233 4801 CTACTAGAGGCGCTAGCATACATACATGAAAGGGGCATcATTCAcCGAGACGTAAAGACGGAGAATAI ATTcTTGGATAATCAcGAAAATG~AGTTTTGGGTGACTT~GGTGcTGCATGC Q L G D C ] D T P Q C Y G W S G T V E T N S P E L S A L D P Y C T K T D I W S A 2~ 4921 CAAcTAGGAGATTGTATAGATAcGCCcC~TGTTACGGTTGGAGCGGAACTGTGGAAACAAATTcGCCGGAATTATcTGCACTTGATCcGTATTGCA~AAAAACAGATATTTGGAGTGC~ G L V L Y E M A I K N V P L F $ K Q V K S $ G S Q L R S I I R C M Q V H E L E F 313 5041 GGATTGGT~CTATA~GA~TGGCAATTAAAAATGTACCATTGTTTAGTAAGCAGGTGAAAAGTTCGGGATCT~GCT~TC~TAATACGGTG~G~AGTG~TGAACTG~GTTT P R N D S T N L C K H F K Q Y A V R V R P P Y T I P R V I R N G G M P M D V E Y 353 5161 Cc~CGcAACGATTcTAcCAACCTCTGTAAAcATTTCAAAcAATATGCGGTTCGTGTACGACCGCcTTATACcATTCcTCGAGTTATAAGAAATGGGGGGATGCCAATGGATGTTG~TAI V I S K M L T F D Q E F R P S A K E I L N M P L F T K A P I N L L N I T P S D S 3~ 5281 GTcATTTCTAAAATGcTTACGTTTGACCAGGAGTTCAGACcTTCTGCTAAGGAAATATTGAATATGc•CcTATTTACTAAGGCGCCGATTAACcTGcTTAATATCACACCCTcTGAcAGT V* 5401 GTCT~GGTATAcAGGcGGGAGCGGGT~GTGGCGTCATCATcA~CACTTGAGAATTTATATTTTGAATTGTTGATTGATAAATTAA~TGATT~ATTGAGAACTG~ACG~CATATTGG 5521 TTTcTTGGATATGTcTACAAcAATTAGTTAAATTGCTATGTTcTACTGCGAGTAACATTTGAT~GTTGTAAGAGACGGGCGAcTCATGTcGAAGTTGACGAATATAAAGTAcAT~CGT ORF6 > M I I V T 5 5641 GTTTAG~TACCcAGAAICCG~TAGTCCGCGGGGGCGTCTTCTCGCGTGAGTAcCAAATACTGAGTTGAACTTGAAAATGCTAAATCTGTGACACTCTT~GTGTGATGATTATTGTCAC T S K M A $ T F M M, F W C L F G I V I A| L V S S K $ D N K E N L K N Y I T D K S 45 5~I ~ACTTCG~GATGGcTTCGACATTCATGATGTTCTGGTGTTTGTTTGGAATCGTAATAGCGCTTGTTTCGTCCAAGTcTGACAACAAAG~AATCTGAAG~TTATATCACGGATAAGTc T N I R I P T P L F V S T E N $ Y P T K H V I Y D E N C G F A V L N P I S D P K 85 5881 AACCAATATTAGAATACCCACGC~TTATTTGTATCAACGGAAAACTC~TATCCCACAAAA~ATGTAAT~TACGAT~AAACTGTGGCTTCGcTGTAC~CAATccTATAAGT~cCAA Y V L L S Q L L M G R R K Y D A T V A W F V L G K M C A R L I Y L R E F Y N C S 125 6001 ATATGTcCTTTTGAG~CAG~TTCTAATGGGAAGGCGCAAATATGATGCGAcGGTCGCGTGGTTTGTTC~CGGTAAAATGTGTGccAGATTAATATATTTGCGc~ATTTTATAACTGCTc T N E P F G T C S M S S P G W W b R R Y V S T S F I S R D E L Q L V F A A P S R 165 6121 GACAAATGAGCCTTTTGGCACATGTTCTATGAG~T~TCCTGGATGGTGGGACAGG~GCTA~GTCT~AC~GTTT~ATTTCTCGCGA~GAATTA~GCTGGTTTTTGCAGCGCCGTCCCG E L D G L Y T R V V V V N G D F T T A O I M F N V K V A C A F S K T G I E D D T 205 6241 AGAATTAGATGGTTTATATAcGCGCGTAGTAGTTGTcAACGGGGACTTTACTAcGGcCGATATAATGTTTAATGTTAAAGTGGcATGTBCCTTTTCAAAGAcTGGAATAGAAGATGATAC L C K P F H F F A N A T L H N L T M I R $ V T L R A H E $ H L K E W V A R R G G 245 ~61 ATTATGCAAACccTTTCATTTCTTTGCCAATGCAACATTGCACAATTTAACCATGATTAGATCGGTAACTCTTCGAGcGCACGAAAGCCATTTAAAGGAATGGGTGGcACGGAGAGGTGG
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N V p A V L L E S T M Y H A S N L P R N F R D F Y I K $ P D D Y K Y N H L D G P 285 6481 TAAcGTcCCTGCAGTGCTAcTTGAGTCTACCATGTATCA~GCATCCAATCTG~CTAGAAATTTCAGGGATTTCTACA~AAAGTCTCCAGATGATTATAAGTATAAT~A~CTA~TGGGC~ S V M L I T b R p S E b L D G R L V
H Q S D I F T T T S P I K Q V R Y E E H Q S 325 6601 ATCTGTAATGCTCATCACTGACAGACCTAGTGAAGATTTGGATGGGAGGCTCGTTCACCAAAGTGACATTTTTACTACTACAAGTCCTATAAAACAGGT~GGTATG~GAGCATCAGTC H T K Q y p V N K I Q A I I F L I G L G S F I G S I F V ,V L V V W !,,I
R R Y C N 365 6721 ACATACAAAGCAGTATCCTGTAAACAAAATACAAGCTATAATTTTTTTGATAGGGTTAGGCTCGTTCATTGGAAGCATATTCGTAGTTTTGGTAGTATGGATTATACGCAGATATTGCAA teristic of a membrane-associated glycoprotein and contains three potential N-linked glycosylation sites (Bause, 1983) . A putative signal peptide was found at the N terminus (aa 1 to 25) and a hydrophobic segment (aa 344 to 360) which could function as a transmembrane anchor element (Fig. 2) was also identified. The aa sequence encoded by this ORF demonstrated significant homology with the gD proteins of HSV-1 and HSV-2 (Watson et al., 1982; McGeoch et al., 1987) , glycoprotein gp50 of PRV (Petrovskis et al., 1986 a) , glycoprotein gIV of bovine herpesvirus (BHV) 1 (Tikoo et al., 1990) and gD homologues of EHV-1 (Audonnet et al., 1990; Telford et al., 1992) and MDV . Analysis of multiple alignments of gD homologues (not shown) revealed several conserved aa residues. In particular, six cysteine residues were aligned, indicating that the gD homologues of HVT and MDV may have tertiary structures similar to those of mammalian alphaherpesvirus gDs.
T M E I L K W N Q A N R C y S I A H A T Y ¥ A D C P I ] S $ T V F R G C R D 110 7201 TCTGGAACGATGG~ATACTCAAATGGA~TC~GCTAACCGCTGCTAXTCTA~TGCGCATGCAA~TA3TACGCCGACTGTCCTATAATCAGTTCTACGG~A~T~GAGGATGCCGGGAC A V V y T R p H S R I H p Q y R N G L L L "T I I E P R M E D S G I Y Y I R T S I 150 ~21 GCCGTTGTTTATACTAGGCC~CACAGCAGAATTCATC~CCAATATcGA~CGGGCTGCTTTTGACTATTAT~GAG~CACGGATGGAGGATTCTGGTATCTATTATATACGCACTTCAATA D G F N K S D y A R T S I F V C N G S $ G S C S N P R Q K V S D E M C I P H V N 190 7441 GATGGTTTTAACAAGAGCGATTATGCGAGAA~ATCTATTTTTGTATGTAATGG~TCGTCTGGAT~GTGTT~TAACCCC~GCCAAAAAGTTT~AGATGAAATGTGCATCCCC~ACGTAAAT
R I A F E R y L T L H V G R L p Y G D L T L Q Q I R K D M T ~ T A P T Y R T I R 230 ~61 CGTATTGCATTTGAGCGATATTTAACCcTACATGTTGGACGGTTGCCcTACGGAGACTTGACATTACAGCAGATACGTAAGGACATGACGAC•ACCGcTCCTACATATcGTA•CATT•GC R T T V N E G L L T A K T S p D I D L N A T N L P L P I S N Y T D Y M S V [ W R 270 7681 AGAACTACAGTTAATGAGGGTTTGTTGACAGCCAAGACATCcCCTGATATcGATTTA~TG~AAcAAATTT~CCCCTACCCATTAGTAACTACACAGATTATATGAGTGTTATTTGGA~A R V A L R R I y A y L V I A I I A L L, I V T V C S A H K R G S C $ R R R R I Y I 310 ~01 •GTG1T•cCTTAAGACGAATTTATGCTTATTTGGTGATCGCTATTATAGCATTGT•GATAGTAACAGTCTGCTCCGCAcATAAAAGAGGCAGTTGTAGTcGT•GACGTAGAATCTACATA G N E p T T L T S I T N G N F Q E K E T K N V P S D I S D A E L L E R L E K K I 350 7921 GGCAATGAAcCTA•TACATTGACTTcGATcACTAACGGAAATTTCCAAGAAAAGGAGACCAAGAATGTACcGTCCGACATCTCAGA•GCTGAGCTTTTGGAGAGAC••GAGAAGAAGATA E M L R T E * 8041 GAAATGTTACGGACTGAA•AATTTCCAAATGGCAGTTAGGTACCcAGGAATGTTGGGATATGTAGATGTATTAGCTATAAGTCCGTATTTAAGGGGAGTGGCCCACCAATAATAAAcTCT ORF8 > M R A C R L S I L ,,I L L L Q ,T I S AI S M ] Q H 23 8161 GGTATTTTTGTCTGGGAATTCAG~1GTGcTTTAAGGCGAC~TG~TGTTTCGATATGcG~GCGTGTCGATTATcCATc~TCATATTATTATTGcAGACGATCTCGGCGAGTAT~ATACAA~
L D L L E G Q $ V A V D I p R y P p L T N G T I Y T E T W T W I $ $ I C N D T S 63 8281 ATTTAGATTTATTAGAGGGGcAATCTGTTGcAGTCGATATTCCAAGATAT~CGCCGCTAAC~A~GGTACTATTTATACTGAAACATGGACGTGGATTTcAAGTATTTGCAACGATACA~ M G y I C L D R A T C F Q D L L L G T S C V R Y G E E K I L R V D R F V V N S G I03 8401 ~GATGGGTTATATA~GTTTGGATcGCGCAACGTGTTTTCAGGATTTGC~TTTGGGGACATCTTGCGTAAGGTATGGTGAAGAAAA~AT~TTGAGGGTGGATAGATTTGTTGTG~TAGTG S L D R I A S S Q F H y I p N V I I G T G R G K E L T t F N A T $ Q I A G V Y T 143 8521 GGTCTcTTGACAGGATAGCGTCTTCTcAGTTTCATTATATACCGAATGTAATAATAGGCACTGGACGGGGAAAGGAACTTACTATCTTcAATGCTACATcGcAAAT•GCTGGTGTATATA R y T R N D $ R p A V M D V L L V W V S V H G Q A P D R T M N I Y I T P P S T RI~
gD is a structural component of virions and has been shown to be one of the major targets of virus-neutralizing antibodies (Cohen et al., 1978; Para et al., 1985) . HSV-1 gD, PRV gp50, BHV gIV and EHV-1 gD are essential for infectivity and mediate penetration of target cells (Fuller & Spear, 1987; Campadelli-Fiume et al., 1988; Rauh & Mettenleiter, 1991; Fehler et al., 1992; Whittaker et al., 1992) . It is not known whether MDV and HVT gDs have similar functions in their respective virions.
HVT U s ORF7 (homologue of HSV-1 gI)
There is a potential polyadenylation signal (AATAAA) at positions 8151 to 8156. The HVT ORF7-encoded protein contains four potential N-linked glycosylation sites (Fig. 2) . A hydrophobic segment (aa residues 277 to 293) is predicted to be a transmembrane anchor element. Although no obvious signal peptide could be predicted from the computer analysis, HVT ORF7 displays a markedly hydrophobic region at the N terminus that could function as a signal peptide. Comparison of the aa sequence of the HVT ORF7 protein to proteins of other herpesviruses revealed significant identity with HSV-1 and HSV-2 gI glycoproteins (McGeoch et al., 1985; Sullivan & Smith, 1988; Hodgman & Minson, 1986) , VZV gpIV (Davison & Scott, 1986) , PRV gp63 (Petrovskis et al., 1986b) , and their counterparts in EHV-1 (Audonnet et al., 1990) and MDV Velicer et al., 1992) . Multiple alignments (not shown) indicated that several aa residues, mainly located near the N terminus, were conserved in the gIs of HVT, MDV and alphaherpesviruses.
HVT Us+ ORF8 (homologue of HSV-1 gE)
There is a potential polyadenylation signal (AATAAA) at positions 9892 to 9897 but no transcriptional regulatory signal was evident in the region 5' of the ATG at position 8214. The HVT ORF8-encoded protein has several features characteristic of a membrane-spanning glycoprotein with five potential N-linked glycosylation sites. The hydrophobic sequences located at the N terminus (aa residues 1 to 18) and from aa residues 396 to 412 are potential signal peptide and membrane anchor elements respectively (Fig. 2) . Comparison of the aa sequence of HVT ORF8 protein to the sequence of the other herpesvirus glycoproteins revealed significant similarity to HSV-1 gE (McGeoch et al., 1985) , VZV gpI (Davison & Scott, 1986) , PRV gI (Petrovskis et al., 1986b) and gE homologues of EHV-1 (Audonnet et al., 1990) and MDV . The conserved regions of HSV-1 gE, HSV-2 gE, VZV gpI, PRV gI, EHV-1 gE, MDV gE and HVT gE may indicate aa sequences important for the biological function of these glycoproteins as postulated for the gD-like glycoproteins. It is not known whether HVT gE can bind to the Fc region of IgG or whether its affinity for the Fc of IgG is enhanced after association with gI as reported for HSV-1 (Johnson et al., 1988; Bell et al., 1990) .
Since two-thirds of HVT ORF8 is located within TR s (bp 8766 to 9707), it is expected that the 314 aa residues proximal to its C terminus are also encoded within IR s (HVT ORF8* ; Fig. 2 and 3) . The sequence of the 5' end of HVT U s revealed that 21 aa encoded by the complementary strand are in-frame with the 314 C-terminal aa residues of gE encoded within IR s. HVT ORFS*, which is initiated from the ATG at position 213 (complementary strand, Fig. 2 ), is capable of encoding a 335 aa I kbp Fig. 3 . Layout of genes contained in the U s region of six herpesviruses. Numbers below the genes refer to the HSV-1 U s gene nomenclature (McGeoch et al., 1985) . Note that the 314 C-terminal aa of HVT ORF8* and HVT ORF8 are identical.
long polypeptide (M r 36810). A putative transcription initiation signal (complementary TAAATATA) was found at positions 422 to 415. No putative signal peptide was detected by analysis of the aa sequence of HVT ORF8*. Further experiments are required to assess whether the HVT ORF8* predicted protein is actually synthesized in HVT-infected cells.
Gene arrangement and comparative relationships of H V T U s proteins
A comparison of the organization of genes contained within the alphaherpesvirus U s and adjacent IR s and TR s regions sequenced to date is displayed in Fig. 3 . The U s genomic segment varies considerably in length, ranging from 5232 bp for VZV (Davison & Scott, 1986) to 12979 bp for HSV-1 (McGeoch et aI., 1985) . Our results showed that the HVT U s is about 2-5 kbp smaller than that of the U s of MDV (Brunovskis & Velicer, 1992) , the only avian herpesvirus for which comparative data are available. This is in good agreement with the electron micro scope observations of Cebrian e t al. (1982) .
The relative arrangement of the genes encoded within U s varies among alphaherpesviruses (Fig. 3) . US1 homologues differ in size and location, being present in IR s and TR s in the case o f P R V (Zhang & Leader, 1990) , EHV-1 (Telford et al., 1992) and VZV (Davison & Scott, 1986) . Similarly, US10 homologues may be located either in U s or in the inverted repeats, with the exception of PRV for which a US10 homologue has not so far been identified. HVT and MDV US10 homologues are translocated to the left end of U s and are transcribed rightwards, in contrast to HSV-1 where US10 is located near TR s and is transcribed leftwards. Data on the U s sequence of more avian and mammalian herpesviruses are needed to determine whether the location of the US10 gene of HVT and MDV is specific to the avian alphaherpesvirus subgroup. US2 homologues are transcribed leftwards in all alphaherpesviruses except for the US2 homologue of PRY which is transcribed rightwards. The orientation of US3 homologues is identical for all alphaherpesviruses. The near-central location of US3 homologues in HVT and MDV U s seems to be specific for avian herpesviruses and is the consequence of the presence of avian-specific ORF(s) (SORF1 and SORF2 for MDV, and SORF3 homologues for HVT and MDV) and the absence of a gG homologue in HVT. In the case of MDV, a small ORF (SORF4) showed a small degree of similarity to HSV-1 gG (Ross & Binns, 1991) . In HVT Us, no ORF could be found between ORF5 and ORF6. However, the HVT O R F 5 -O R F 6 intergenic region is unusually long (341 bp). It is possible that HVT lost the gene equivalent to MDV SORF4 during evolution. The HVT and MDV U s regions encode avian herpesvirus-specific proteins (HVT U s ORF3, this paper; MDV SORF3, Velicer et al., 1992) which are homologous but display no similarity with proteins contained in current protein databases. The HVT U s sequence lacks three other ORFs found in MDV: MDV SORF1 (no significant similarity to known proteins in current databases), MDV SORF2 (homologous to fowlpox virus ORF4; Tomley et aI., 1988) and MDV SORF4. Since there are marked differences in the pathogenicity of HVT and MDV for chickens, it would be interesting to look for a possible involvement of the products of the MDVspecific ORFs in pathogenicity. The three glycoprotein genes (gD, gI and gE) are collinear in all the alphaherpesviruses shown in Fig. 3 , except for VZV which lacks a gD homologue. A striking feature of the HVT U s sequence is that a large portion of HVT ORF8 (gE homologue) is located in the IR s and TR s inverted repeats, giving rise to the possible synthesis of two glycosylated proteins sharing the same 314 C-terminal aa, but differing markedly in the length and sequence of their respective N-terminal aa (184aa for ORF8; 21 aa for ORFS*). This is a unique finding in the organization of genes in the U s segment of alphaherpesviruses sequenced to date. suggested that differences in gene arrangement between the S components of HSV-1 and VZV could be the result of expansion and contraction of IRs/TR s during evolution. The differences in gene layout between HVT and MDV are in accord with this hypothesis. Thus the gE gene of HVT runs into TR s and HVT lacks homologues of two MDV genes located near the junction of IRs/U s.
The CLUSTAL program was used to compare aa sequences and to generate dendrograms to illustrate the relationships between the proteins of HVT, MDV and conserved alphaherpesvirus Us-encoded proteins. How- ever, the dendrograms shown in Fig. 4 do not demonstrate exact evolutionary relationships because CLUSTAL uses the less precise unweighted pair group maximum averages (UPGMA) method of phylogenetic inference (Higgins & Sharp, 1988; Sharp et al., 1991) . More comparative data and further detailed analysis will be required to establish the phylogenetic relationships between the proteins encoded by alphaherpesviruses. Comparisons using CLUSTAL take into account the entire sequence of each protein whereas FASTA comparisons (Table 1 ) are restricted to regions of maximum identity. Consequently, there are minor discrepancies between the identity data shown in Table 1 and the dendrograms shown in Fig. 4 . The gE genes of MDV and HVT, for instance, are depicted in the dendrogram (Fig.  4g) as being more closely related than their respective PK genes (Fig. 4d) . In contrast, FASTA analysis (Table 1) shows a closer relationship between the PK genes of MDV and HVT (59 % identity) than between their gE genes (42% identity). Nevertheless, the dendrograms clearly show that HVT and MDV U s genes are closely related and form clusters distinct from those of other animal and human herpesviruses. Differences in the degree of similarity between alphaherpesvirus U s proteins suggest that individual genes probably evolved independently rather than as part of Us as a whole. It is noteworthy that genes that are located in analogous positions in the U s of the alphaherpesviruses examined tend to be more conserved than those that have been transposed or have become part of the inverted repeats. Thus, HSV-1 US10, which is located near TRs, is depicted in Fig. 4(b) as a separate branch whereas its homologues in other alphaherpesviruses that are located either within IRs/TR s repeat regions (e.g. EHV-1 US10, VZV gene64) or close to IR s (HVTUS10 and MDV US10) form different clusters. Similarly, the PRV 28K gene which maps near TR s seems less related to homologues of HSV-1 US2 which are located closer to IR s ( Fig. 3 and 4) . Our results on the relationships between HVT and MDV U s genes are consistent with the findings of Ross & Binns (1991) who examined serine/threonine PK, gD and gI genes of MDV.
There have been several reports on mutagenesis of genes mapping in the U s of alphaherpesviruses. Some of the mutations significantly affected virus replication in vitro and in vivo. Deletion of HSV-1 US1 resulted in alternative late gene expression in different cell lines (Sears et al., 1985) ; viruses with deletions in PRV gp50 and BHV-1 gIV (gD homologues) were unable to penetrate cells but could spread by cell fusion (Peeters et al., 1992; Rauh & Mettenleiter, 1991 ; Fehler et al., 1992) . Deletions in US2, PK and single deletions (not accompanied by deletions in other glycoprotein genes) in gI and/or gE did not significantly affect virus growth in vitro but virulence was decreased in vivo Meignier et al., 1988; Purves et al., 1987; de Wind et al., 1990; Kimman et al., 1992; Zsak et al., 1992) . It is possible that mutagenesis of the MDVspecific genes (i.e. those with no counterparts in HVT) could help in the identification of the genes responsible for virulence.
HVT has the potential to be used as a vector for the expression of foreign genes (Ross et al., 1992) . The work reported here has provided information that will help to identify insertion sites in HVT U s and to construct recombinant vaccines in the future. These studies were supported by the EEC BRIDGE program No. BlOT CT90-0173.
